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1 INTRODUCTION 
The undrained condition is defined theoretically as a 
condition in which there is no change in the fluid 
mass of the porous material. For performing an 
undrained test in the laboratory, this condition can-
not be achieved just by closing the valves of the 
drainage system as it is done classically in a conven-
tional triaxial system (Figure (1)). In a triaxial cell, 
the tested sample is connected to the drainage system 
of the cell and also to the pore pressure transducer. 
As the drainage system has a non-zero volume filled 
with water, it experiences volume changes due to its 
compressibility and its thermal expansion. The varia-
tions of the volume of the drainage system and of the 
fluid filling the drainage system induce a fluid flow 
into or out of the sample to achieve pressure equilib-
rium between the sample and the drainage system. 
This fluid mass exchanged between the sample and 
the drainage system modifies the measured pore 
pressure and consequently the measured strains dur-
ing the test. Wissa (1969) and Bishop (1976) were 
the first who studied this problem for a mechanical 
undrained loading and presented a method for cor-
rection of the measured pore pressure. Ghabezloo 
and Sulem (2009, 2010) presented an extension to 
the work of Bishop (1976) to correct the pore pres-
sure and the volumetric strain measured during 
undrained heating and cooling tests, as well as 
undrained compression tests, by taking into account 
the compressibility and the thermal expansion of the 
drainage system, the inhomogeneous temperature 
distribution in the drainage system and also the 
compressibility and the thermal expansion of the 
fluid filling the drainage system. The correction 
method depends also on the porosity, the compressi-
bility and the thermal expansion of the tested porous 
material.  
 
Figure 1. Schematic view of a conventional triaxial cell. 
 
The proposed method was applied to the results 
of isotropic compression and undrained heating tests 
performed on Rothbach sandstone (Ghabezloo and 
Sulem 2009, 2010) and on a hardened cement paste 
(Ghabezloo et al., 2009). The proposed correction 
method is presented briefly in this paper. 
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2 POROELASTIC FRAMEWORK 
We consider a fluid-saturated porous material with a 
porosity φ . The variations of the total volume V and 
of the pore volume Vφ  are given as a function of 
variations of Terzaghi effective stress dσ , pore pres-
sure fp  and the temperature T : 
d d s f ddV V c d c dp dTσ α= − − +  (1) 
p d fdV V c d c dp dTφ φ φ φσ α= − − +  (2) 
where dc , sc , pc  and cφ  are four elastic compressi-
bility coefficients, and dα  and φα  are two thermal 
expansion coefficients defined below: 
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A detailed description of these parameters is pre-
sented in Ghabezloo et al. (2008,2009). In the 
undrained condition in which the mass of the fluid 
phase is constant ( 0fdm = ), we can define four new 
parameters to describe the response of the porous 
material in undrained condition: 
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The parameter uc  is the undrained bulk com-
pressibility, B  is the so-called Skempton coefficient, 
uα  is the undrained volumetric thermal expansion 
coefficient and Λ  is the thermal pressurization coef-
ficient. Writing the fluid mass conservation under 
undrained condition ( 0fdm = ) leads to the following 
expressions for the undrained parameters: 
( ) ( )( )d s d s fB c c c c c cφφ= − − + −  (8) 
( ) ( )( )f d s fc c c cφ φφ α α φΛ = − − + −  (9) 
( )u d d sc c B c c= − −  (10) 
( )u d d sc cα α= + Λ −  (11) 
where fc  and fα  are respectively the pore-fluid 
compressibility and  thermal expansion coefficient.  
3 CORRECTION OF THE EFFECT OF 
DRAINAGE SYSTEM 
In a triaxial cell the tested sample is connected to the 
drainage system and the undrained condition is 
achieved by closing the valves of this system (Figure 
(1)). Consequently, the condition 0fdm =  is applied 
to the total volume of the fluid which fills the pore 
volume of the sample and also the drainage system 
( f f L fLm V Vφ ρ ρ= + ), where fLρ  is the density of the 
fluid in the drainage system and LV  is its volume. As 
the sample and the drainage system may have differ-
ent temperatures, temperature-dependent fluid densi-
ties are considered. The variation of volume of the 
drainage system is written as:  
L L L f L L LdV V c dp dT dα κ σ= + −  (12) 
where LdT  is the equivalent temperature change in 
the drainage system, Lc  and Lκ  are isothermal com-
pressibilities and Lα  is the thermal expansion coeffi-
cient of the drainage system defined as: 
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In most triaxial devices, the drainage system can 
be separated into two parts: one situated inside the 
triaxial cell and the other one situated outside the 
cell. In the part inside the cell, the temperature 
change dT  is identical to the one of the sample; in 
the part situated outside the cell, the temperature 
change is smaller than dT  and varies along the 
drainage lines. We define an equivalent homogene-
ous temperature change LdT  such that the volume 
change of the entire drainage system caused by LdT  
is equal to the volume change induced by the true 
non-homogeneous temperature field. The tempera-
ture ratio β  is thus defined as: 
LdT dTβ =  (16) 
By writing the undrained condition 0fdm = , us-
ing equation (12) the following expressions are ob-
tained for the correction of the measured undrained 
thermo-poro-elastic parameters: 
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4 CALIBRATION OF THE CORRECTION 
PARAMETERS 
The triaxial cell used in this study can sustain a con-
fining pressure up to 60MPa. The axial and radial 
strains are measured directly on the sample with two 
axial transducers and four radial ones of LVDT type. 
The confining pressure is applied by a servo con-
trolled high pressure generator. The pore pressure is 
applied by another servo-controlled pressure genera-
tor. The heating system consists of a heating belt 
around the cell which can apply a temperature 
change with a given rate and regulate the tempera-
ture, and a thermocouple which measures the tem-
perature of the sample. More details about this triax-
ial cell and a schematic view of the system are pre-
sented in Ghabezloo (2008). 
The drainage system is composed of all the parts 
of the system which are connected to the pore vol-
ume of the sample and filled with the fluid, includ-
ing pipes, pore pressure transducers, porous stones. 
The volume of fluid in the drainage system LV , can 
be measured directly or evaluated by using the geo-
metrical dimensions of the drainage system. For the 
triaxial cell used in the present study, the volume of 
the drainage system was measured directly using a 
pressure/volume controller equal to 32300mmLV = . 
The compressibility of the drainage and pressure 
measurement systems Lc  is evaluated by applying a 
fluid pressure and by measuring the corresponding 
volume change in the pressure/volume controller. A 
metallic sample is installed inside the cell to prevent 
the fluid to go out from the drainage system. Fluid 
mass conservation is written in the following equa-
tion which is used to calculate the compressibility Lc  
of the drainage system: 
( )L L L fL fdV V c c dp= +  (21) 
where fdp  and LdV  are respectively the applied pore 
pressure and the volume change measured by the 
pressure/volume controller. For a single measure-
ment, the volume change LdV  accounts also for the 
compressibility of the pressure/volume controller 
and of the lines used to connect the pressure/volume 
controller to the main drainage system. This effect is 
corrected by performing a second measurement only 
on the pressure/volume controller and the connecting 
lines. The estimated value is -10.117GPaLc = . 
The parameters β
 
and Lα  are evaluated using 
the results of an undrained heating test performed 
using a metallic sample with the measurement of the 
fluid pressure change in the drainage system. For the 
metallic sample 0φ =  and d sc c=  so that: ( ) ( )mes fL L fL Lc cβ α αΛ = − +  (22) 
The physical properties of water fLα  and fLc  are 
known as functions of temperature and fluid pres-
sure. As these variations are highly non-linear, the 
parameters β  and Lα  cannot be evaluated directly 
but are back analysed from the calibration test results 
using equation (22). The parameters β  and Lα  are 
back-calculated by minimizing the error between the 
measurements and the computed results using a 
least-square algorithm. β  is found equal to 0.46 and 
the thermal expansion coefficient of the drainage 
system Lα  is found equal to 1.57×10-4 (°C)-1. 
The evaluation of the compressibility Lκ  which 
represents the effect of the confining pressure on the 
volume of the drainage system is performed using an 
analytical method. As can be seen in Figure (1), only 
a part of the drainage system which is the pipe con-
nected to the top of the sample, is influenced by the 
confining pressure. The effect of the confining pres-
sure on the variations of the volume of this pipe can 
be evaluated using the elastic solution of the radial 
displacement of a hollow cylinder and the following 
expression is obtained: 
( ) ( )( )2 2 2 2 24 1L La b L b a V Eκ pi ν= − −  (23) 
where a  and b  are the inner and the outer radius 
and L  is the length of the drainage pipe. E  and 
ν are the elastic parameters of the pipe material. For 
the dimensions of the triaxial system used in this 
study we obtain 3 -11.6 10 GPaLκ −= ×  which is very 
small as compared to the compressibility 
10.117GPaLc −= . This is due to the fact that only a 
small part of the drainage system, less than 8% of its 
volume, is influenced by the confining pressure. 
5 PARAMETRIC STUDY  
Examples of the application of the proposed correc-
tion method on the results of the undrained isotropic 
compression test and undrained heating tests per-
formed on a granular rock and a hardened cement 
paste are presented in Ghabezloo and Sulem (2009), 
Ghabezloo et al. (2009) and Ghabezloo and Sulem 
(2010). In this section, a parametric study on the er-
ror made on the measurement of different undrained 
thermo-poro-elastic parameters is presented. The er-
ror on a measured quantity Q  is evaluated as 
( )measured real realQ Q Q−  and takes positive or negative 
values with indicates if the measurement overesti-
mates or underestimates the considered quantity. 
Among the different parameters appearing in 
equations (17) to (20), the porosity φ  of the tested 
material, its drained compressibility dc  and the ratio 
of the volume of the drainage system to the one of 
the tested sample, LV V  are the most influent pa-
rameters. For this parametric study the parameters of 
the drainage system are taken equal to the ones of 
the triaxial system used in this study. We take also 
-10.02GPasc cφ= =  and ( ) 143 10 Cφα −−= × °  which are 
typical values. Figure (2) presents the error on the 
measurement of the Skempton coefficient as a func-
tion of the sample porosity, for three different values 
of drained compressibility and two different values 
of the ratio LV V . Three different values of the 
drained compressibility are considered, respectively 
equal to 0.03GPa-1, 0.1GPa-1 and 0.5GPa-1, which 
covers a range from a rock with a low compressibil-
ity to a relatively highly compressible rock. The po-
rosity is varied from 0.05 to 0.35. The ratio LV V  is 
taken equal to 0.025 which corresponds to the condi-
tions of the triaxial system used in this study. We 
analyze also the effect of a greater volume of the 
drainage system on the measurement errors by 
choosing another value twice bigger, equal to 0.05. 
We can see in Figure (2) that the error on the meas-
urement of B is always negative (the measurement 
underestimates the real value) and covers an impor-
tant range between 2% and 50%. The measurement 
error is more significant for low-porosity rocks with 
low-compressibility. We can also see the significant 
effect of the volume of the drainage system on the 
measurement error. The measurement error for the 
undrained compressibility uc  is presented in Figure 
(3) where we can observe that it is more important 
for low-porosity rocks and for greater volume of the 
drainage system. As opposite to what we observe for 
B, the error of the measurement of uc  is more impor-
tant when the tested material is more compressible. 
 
Figure 2. Error on Skempton coefficient B  
 
Figure 3. Error on the undrained compressibility uc  
 
Figures (4) and (5) show the errors corresponding 
to the measurements of the thermal pressurization 
coefficient Λ  and of the undrained thermal expan-
sion coefficient uα  respectively. The error of the 
measurement for Λ  varies between -40% and +10%, 
which shows that the measured value may be smaller 
or greater than the real one. As for the isothermal 
undrained parameters, the error is more important 
for low-porosity materials and for a greater volume 
of the drainage system. The error for the undrained 
thermal expansion coefficient uα  varies between -
6% and +4%, which is a narrower range, as com-
pared to the other undrained parameters. 
6 CONCLUSIONS 
A simple method is presented for analysis of the er-
ror induced by the dead volume of the drainage sys-
tem of a triaxial cell on the measurement of 
undrained thermo-poro-elastic parameters. A para-
metric study demonstrated that the porosity φ  of the 
tested material, its drained compressibility and the 
ratio of the volume of the drainage system to the one 
of the tested sample, LV V  are the key parameters 
which influence the most the error induced on the 
measurements by the drainage system. It was also 
shown that the Skempton coefficient, the thermal 
pressurization coefficient and the undrained com-
pressibility measurements are much more affected 
than the measurement of the undrained thermal ex-
pansion coefficient. 
 
Figure 4. Error on the thermal pressurization coefficient Λ  
 
Figure 5. Error on the undrained thermal expansion coeff. 
u
α  
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